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Appleton, Wisconsin
RELATIONSHIPS BETWEEN COMBINED BOARD
SCORELINE CRACKING AND LINERBOARD PROPERTIES
SUMMARY
This study was initiated for the purpose of investigating relation-
ships between combined board scoreline cracking at the body (panel) scorelines
and the tensile, plybond, and transverse shear characteristics of linerboard.
When combined board is folded along the body scoreline, high MD
tensile stresses and strains are induced in the outer fiber layers of the
double-face liner. The magnitude of these strains will be dependent somewhat
on the amount of transverse shear deformation which occurs. The transverse
shear deformations involve strains in the MD - thickness plane (designated xz
plane) of the linerboard. In general, greater amounts of shear deformation will
tend to reduce the magnitude of the tension stresses in the outside surface of
the double-face liner and hence reduce the tendency to crack. As the tensile
stresses and strains induced in the double-face liner approach and equal the
limiting strength of the double-face liner, cracking may be expected to occur.
For this study commercial samples of 69- and 90-lb linerboard were
double-faced to "standard" single-faced board and scored. The boards were
then folded at 15- and 50% RH to determine their degree of cracking in the
two atmospheres. The combined board scoreline cracking was then correlated
with various linerboard properties. The following results were obtained.
1. The five properties or material factors exhibiting
statistically significant correlations with combined
Page 2 ' ... Fourdrinier Kraft Board Institute, Inc.
Report One Pr'oect';2695-17
board cracking at the 0.01 level at both RH conditions are
listed below in decreasing Order .of cor'reIation at 50% RH.
a. Shear stiffness-to-stretch ratio (G xz/S).
b. Shear stiffness (G xt).
.xz ; .. .
c. Tensile strength.
d. Tensile stiffness (E t).
e. Shear stiffness-to-tensile stiffness ratio (G xz/Ext).
Within the proportional limit, the maximum bending stress induced in
the double-face liner should be dependent on both the tensile and shear
moduli or stiffnesses of the linerboard. Assuming the same considera-
tions qualitatively apply at the high stress levels associated with
cracking would account in part for the significant correlations
obtained with these properties. The above suggests that any manu-
facturing technique which increases the tensile and shear stiffnesses
such as increased bonding, surface stre-teh treatment, addition of
*r,***' ,; S4i6^/S^ /(W /9^ ^T-F -: * -'*'* -: .** .* . *'* *1 . ,'*"*' --- ... ::** "****;-
hadeT&er, etc., would increase the tendency of the linerboard to
crack at the scoreline when folded at a given moisture content.
Decreasing the.moisture content;.at the .ti-me- of -folding will
intensify'the adverse effect whereas;-,increasing the moisture content?
will 'reduce the cracking tendency. .. '. .: .... . ..' .
2. Cracking tended to increase as either the shear or tensile
stiffness increased as would be expected on the basis of
approximate theoreiical..considerations . :In general; increasing
the fiber-t6-fiber bonding within'the..normal..:range should
increase the tensile stiffness and, if accompanied by increases
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in shear stiffness, would have the effect of increasing the
cracking proclivity of the linerboard.
3. The transverse shear modulus values were much lower in magnitude
than the tensile modulus values. For example, at 50% RH the
average ratios of tensile-to-shear moduli were 372 and 228 for
69- and 90-lb linerbcard, respectively. For comparison purposes
the corresponding ratio for steel is about 2.5. Thus, because
of its low shear modulus, shear effects in bending and folding
would be expected to be of greater importance for linerboard
than for conventional structural materials.
4. While the correlations were highly significant in a statistical
sense, the relationships exhibited considerable scatter and
some questions arose relative to basis weight effects due to
the nature of the data. It appears that future work should be
directed toward (a) developing a better theoretical understanding
of the stresses induced during folding, and' ('b) the' development
of better methods for evaluating the pertinent properties. For
example, while the present work supports the importance of
shear properties, the methods used to evaluate them were subject
to considerable variability and may not have provided very
accurate and precise estimates of either the modulus or maximum
shear properties.
One desirable approach would involve determination of the magnitude
of the strain induced in the outer fiber layer of the double-face liner at time
of cracking in relation to material properties, moisture content at time of
folding and scoring conditions. It is believed this could be accomplished by
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employing special graphite strain gages. Direct, comparison of the maximum strain
values at cracking with stretch values determined in .various ways would be quite
enlightening. It also appears that future work should give more consideration
to material variability, inelastic tensile properties, compressive stress-strain
properties as they may affect the tensile strains induced'in the double-face
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INTRODUCTION
A recurrent problem in the manufacture and use of corrugated boxes is
rupture or cracking of the double-face liner along the score when the board is
folded or subsequently stored in a very dry atmosphere after folding. It is
'usually a seasonal problem with most difficulties being encountered during winter
i'when-inside humidities drop to low levels. Cracking is usually most severe for
vertical '(body) scorelines where the score is oriented at 90 ° to the machine
direction of the liner because the strains set-up during folding coincide with
the direction of least stretch.
In general, more cracking problems are encountered when the combined
board is fabricated with heavyweight double-face liners - i.e., 69- and 90-lb
liner. This is a result of the fact that the bending strains set up in the
outer layers of the folded double-face liner are directly proportional to the
thickness of the double-face liner for a given radius of curvature. Thus,
higher bending strains will be induced in the extreme fiber layer of the thicker
linerboards and cracking is more likely to occur.
With the foregoing in mind, this study was initiated for the purpose
of investigating relationships between combined board scoreline cracking (body








When combined board is folded along a scoreline, the inside liner
buckles inward and then is folded back on itself in the early stages. By the
time the board has been folded about 135 ° the inside liner forms an anvil about,
which, the double-face liner is stretched and bent (Fig. 1). Thus, an impasse is
reached because the double-face liner is prevented from freely displacing inwardly
by the single-face liner. As one result, the torque required to fold the board
rapidly increases as the board is folded beyond 135°F and the single-face liner
is distorted sufficiently to permit completion of the fold. As the stresses and
strains induced in the double-face liner approach and equal the limiting "strength"
of the double-face liner during the folding process, 'cracking may be expected to
occur.
During folding the significant types of stress and strain induced in
the double-face liner are believed to be as follows:
. '. ., .-. .. s.. ..~ ' . . ,~ , ~. '-. ....
1. Bending,.
2. Shear, 
3. Direct (uniform across thickness) tension.
It is believed that direct tensile strains which are approximately
uniform across the thickness of the double-face liner are induced' due 'to (a)
the resistance of the "folded" inner facing to compression buckling and dis-
tortion, and (b) the resistance of the medium to "flat crush" stresses. These
tensile strains would be expected to add to the bending strains induced in the
outside liner and which are discussed below.
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The bending strains are induced by 'the bending of the outer facing 
(double-face liner) about the "anvil" made by the single-face liner. The
maximum tensile stress and strain due to bending occurs on the outside surface
of the fold. Thus, the tensile stresses and strains due to bending are of major
importance in determining whether cracking will occur. Within the elastic limit
and neglecting shear effects, the maximum tensile stress and strain on the out-
side surface of the fold may be expressed as follows (1,2):
S = Mc/I = Ext/2 Rb (1)
C = t/2 Rb (2)
where S = maximum tensile stress in outer layer
E = maximum te-nsilei strain in outer layer
M = bending moment
c_ = distance from neutral axis to outer fiber layer (assumed
equal to one-half the liner caliper)
t = liner caliper
E = tensile modulus
Rb = radius of curvature due to bending
E t = tensile stiffness
-x=
Thus, for a given curvature, the induced tensile stress will be
directly proportional to the tensile stiffness of the linerboard and the
induced strain is proportional to the thickness.
Above the proportional limit, Equations (1) and (2) are no longer
appropriate because the unit stresses are not directly proportional to the
strains and, hence, are not proportional to the distance from the neutral
axis (3). Also, if the tensile and compression properties are different, the
neutral axis will shift away from the side where the' fibers exhibit the greatest
Fourdrinier Kraft Board Institute, Inc. Page 9
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strain. This is likely to be a factor in the case of linerboard because the ulti-
mate strengths in tension and compression are different. Therefore, Equations (1)
and (2) cannot be expected to hold exactly at the high stress levels associated
with cracking'but they do provide qualitative insight into the properties involved.
The derivation of Equations (1) and (2) neglects shear deflection and
deformation. Beam deflections due to shear are usually of negligible importance
where (a) the beam span is long relative to the thickness, and (b) the shear
modulus (G) is not materially different in magnitude from the tension and com-
pression moduli (E). For example, in Reference (3) it is noted that "in wood
beams, because of the small value of G compared to E, deflection due to shear
is much more important." This consideration seems to apply in the case of
linerboard also inasmuch as the test data in a later part of the report show
that the ratios of the tensile (E ) to transverse modulus (G ) averaged about
~x -xz
345 and 245 for 69- and 90-lb liners, respectively. For comparison purposes,
steel exhibits a ratio of about 2.5 - about 100-150 times smaller than in the
case of linerboard. Also considered as a beam, the effective span length of
the folded and bent outside liner is relatively small which would also appear
to indicate that shear effects may be of importance. Some shear distortion
appears to be present at the apex of the folded region shown in Fig. 2.
For a beam of uniform cross section, the total deflection is the sum
of the deflection due tobending and shear deformation - i.e.:
Yt = Yb (3)
where Yt = total deflection
Y = deflection due to bending stresses








*Figure 2. Stages in Combineda,Board. Foldi~ng_-, About 20X-1Magnification
I . I
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The bending and shear deflections are related as follows within the proportional
limit (1-3):
Y
s k ) (4)
where E = modulus of elasticity
G = shear modulus
t = beam thickness
L = beam span
k = constant dependent on type of beam and loading
The above equation shows that the shear deflections become of greater
importance for materials having a low shear modulus relative to the modulus of
elasticity and for short thick beams as mentioned previously. Substituting
Equation (4) in Equation,(3) gives the following:




b [1 + k(-) (-) (
Thus, for a given total deflection the deflection due to bending decreases
as the shear deformation increases, i.e., as the term in brackets becomes
greater. ' ' '
As indicated in Reference (2) the deflections can be approximately
related to curvatures (Rb and R) as follows: ' 
Yt - L2 /8 Rt (7)t t
and
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-Y . "= L /8 R.
The refore,
R/- Yt/Yb (9)
Thus, substituting Equations (5) and'(9) in Equations (1) and (2) gives
the following for the stress (S) and strain (C) in the outer fiber layers in the
elastic region:
S = E t/2 Rtl ) (L (10)
or
,= t/2 Rt l'+k() k (11),
In the elastic region the tensile stress developed in the outer fiber
layers is dependent on the tensile stiffness (E t) and a shear correction term
involving the tensile and shear moduli. The higherthe shear modulus, the
greater the induced stress, and, hence, the greater the likelihood of
cracking assuming the same considerations hold at high stress levels.
Paperboard is commonly considered an orthotropic elastic material rather
than isotropic and this must be taken into account -in applying the above concepts.
In general, an,orthotropic material is. characterized- by 12.material constants of
which 9 are independent. They are as follows where subscripts x, y, and z refer
to the MD, CD, and thickness directions, respectively:
1. Young's moduli (moduli. of elasticity):. E E , E ..... Poisson ratios: x xz''' -
2. Poisson ratios: xy, ' ,yx j .'
3. Shear moduli: G, G G-xy' -xz' -yz
-- - - ___ --- -- - - -- - -
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The pertinent property orientations involved in vertical (body) score-
line cracking are the MD Young's modulus (modulus of elasticity) E or stiffness
-x
E t and the transverse shear modulus G or stiffness G t. It should be noted
-x- . -xz. . . -xz-
that the torsion test methods used by Jones (4) and Setterholin (5) involve shear
stresses in the xy plane and, hence, are not appropriate for the measurement of
shear properties in the xz or yz planes.
Based on the above concepts, it appears that both the tension and
shear properties of linerboard may affect combined board cracking. The shear
effects are probably a secondary factor, however, because cracking essentially
occurs'due' t'o a tensile failure of the double-face liner - primarily of its
outside surface unless the cracking is very severe.
The previous discussion focussed attention on the properties affecting
the stresses induced in the outside liner. However, failure occurs when the
induced stress or strain equals or exceeds the allowable stress or strain
(stretch.) of the liner. From one viewpoint, emphasis should be placed on
strain because.the combined board is forced to fold through 180 °, i.e., to
essentially a constant configuration. Also, it is well known that cracking
increases rapidly when the moisture constant is lowered and the stretch of the
board decreases. For example, in Reference (,6) the average degrees of cracking
for combined boards with 69- and 90-lb double-face liners were as shown in
Table I and Fig. 3. 
Decreasing the RH from 50 to 10% RH increased the degree of
cracking of 69-lb linerboard from 0.12 to 66% and for 90-lb linerboard from
1.6 to 92%. It appears that decreasing RH causes decreases in stretch and in-
creases in:.tehsile andllshear sti;fnesses which serve to explain in part the
large increases in cracking at low RH levels.
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TABLE I
EFFECT OF RH ON COMBINED BOARD CRACKING
RH, Combined Board Cracking; % _ 





50 ' 0.12 1.6
In Fig. 3 the percentage cracking vs. RH values are plotted on both
linear and arithmetic probability coordinates to illustrate another aspect of
cracking behavior. On linear coordinates the relationships are markedly nonlinear
whereas linear relationships are obtained with the arithmetic probability coordi-
nates and the lines for the two grades are essentially parallel. Nearly all
linerboard samples' exhibit similar behavior though their cracking vs. RH
relationship may be displaced upward'or downward from the'average lines shown
in the figure '(5). In general, scorelines tend to "break" irregularly along 
their length,..hence the stresses 'induced in the outside liner may be expected
to exhibit considerable variability from location-to-location. Linerboard
properties such as tensile stretch and strength also'exhibit considerable'
variability. It may be conjectured that the degree of combined board
cracking obtained under given conditions is dependent'on both the.variability
in the folding process and material quality. Thus, the .occurrence of cracking
like most failure processes involves statistical considerations and this may
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There are no established methods for evaluating the shear properties
of linerboard - particularly in the xz plane. A complete shear load deformation
curve to failure would be most desirable; however, this is difficult to obtain.
on a relatively thin material such as linerboard. Estimates of the shear modulus
could also be obtained from 4-point beam tests. In general, the span of the
beam should be chosen so that deflections due to shear are of reasonably large
magnitude compared to the bending deflection in order to obtain accurate esti-
mates of the shear modulus. The deflection due to shear involves measuring the
midspan and load-point deflections. Very low force mechanical transducers or
optical methods could probably be required to measure the 'deflections. Because
of the instrumentation problems involved, it.was decided to utilize an alternative
technique based on 3-point beam tests. This technique makes use of'the fact that
the apparent stiffness (EI) increases with increasing span and the magnitude of
the change is related to G z. In addition, a punch type of shear test devised
-xz
for plastics (ASTM D732) was employed in an effort to obtain a measure of shear
strength.- Both approaches:. were believed to have disadvantages; however, it
appeared that they would provide an initial estimate of the importance of the
shear properties.




,- ' .: ' '* : MATERIALS
Ten 69- and eleven 90-lb commercial samples of unbleached kraft liner-
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COMBINED BOARD CRACKING EVALUATION'
In order to evaluate the cracking proclivities of the samples, each
sample was double-faced .to "standard" A-flute single-faced board. For the
boards made with the 69-lb double-face liners, the single-faced-board was made
with a 69-lb single-face liner and 26-lb medium. For the boards made with the
90-lb double-face liners, the single-faced board was made up with a 90-lb
single-face liner and 26-lb medium. Starch adhesive was used. Ten sheets
approximately 12 x 18 inches in size were prepared for each double-face liner
sample.
` .' 
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Each sheet was scored on a rotary slitter-scorer using a body-type score
profile of the V-male vs. flat female type. 'The scorelines were at right angles
to the machine direction of the combined board. Two scorelines were made on each
sheet. The scoring clearances were set so as to equal the sum of the liner and
medium calipers plus 0.005 inch.
After scoring, each scoreline was spray-painted with flat black paint
(Rust-Oleum No. 412) on the double-face liner. The purpose of the coating was
to increase crack visibility and facilitate measurement of the degree of cracking
after folding.
After drying the paint coating, five combined board sheets from each
sample were conditioned for at least 48 hours in each of the following atmospheres:
1. 15% RH and 73°F
2. 50% RH and 73°F
After conditioning, the boards were folded along the scorelines and
the degree of cracking was evaluated by measuring the cumulative length of
severe cracks on the scorelines. The cracking length was divided by the total
length of scoreline - about 120 inches - to place it on a percentage basis.
LINERBOARD TESTS
Each linerboard sample was evaluated for the following properties
after conditioning at 15 and 50% RH and'73°F:
1. Basis weight
2. Caliper: 40 determinations in each atmosphere per sample
k




3. MD Tensile properties'(whole sheet): 10 tests'in each atmosphere
a. Tensile strength
b. Stretch
c.- Modulus of elasticity, E
d. Tensile stiffness, E t
Y'' 'e.. Tensile energy absorption (TEA)
4. MD Tensile properties, felt side - after grinding away most of the
·.sheet so as to leave about a 4 mil-thick specimen on felt side
' (tested at 50% RH only, 4 tests per sample)
- . a.' Tensile strength
b.' Stretch





e. Tensile energy absorption 
5. Properties derived from MD 3-point beam''tests 
a. Shear'modulus, G 
-xz
b. Shear stiffness, G t .
*.. -XZ.-xz-
c. Bending modulus, E ' 
-xb
d. Flexural stiffness, D
-ax .
6. Plug shear (ASTM D732) -3 tests per sample per RH level
7.' z-Direction tensile strength after 3 degrees of preflexing (4
tests per sample 'per degree of flexing)
a. Unflexed
.b. Preflexed over a 0.188-inch mandril
c. : '. Preflexed over a 0 .096 h 
c. Preflexed over a 0.096-inch mandril
, . i ;. .- 
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Special test procedures are described below:
1. Tensile properties on felt side.
As mentioned previously, when combined board is folded, it is
believed that high tensile stresses and strains are induced in the
outer liner and, in particular, in the outer fiber layer of the
outer liner, i.e., on the felt side in usual practice. In the
manufacture of linerboard the fibers on the felt side may be
refined to a different degree and differ in other respects from
those in the remainder of the sheet. Consequently, it was con-
jectured that measurements of the tensile properties of the fibrous
layers near the felt side might be better related to cracking than
the conventional tensile properties determined on the whole sheet.
To investigate this possibility, a surface grinder was used
to grind away most of the sheet so as to leave about a 0.00,4-inch
thick specimen on the felt side. Four tensile specimens from
each sample were prepared in this manner and tested at 50% RH
using a test span of 5 inches (as limited by the surface grinder).
2. Properties derived from 3-point beam tests.
Tests on MD 3-point beam specimens were used to calculate the
shear modulus G and shear stiffness G t. The central deflec-
-xz -xz-
tion of a 3-point beam consists of two parts - one attributable
to pure bending and the second to shear.effects. It can be shown
that the following equation describes the behavior of MD 3-point
beams having a rectangular cross section (1,5).
Fourdrinier Kraft Board Institute, Inc. : Page 21
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Dx ax =)z L (12)
x ax L/I
or
D v^ . G.=D () 5(f X)(QL (D) (13)ax
where D = true MD flexural stiffness
-x
D · = apparent MD flexural stiffness neglecting shear
-ax
E = modulus of elasticity (MD)
-x




In Equation (13), D, E , and G are constants for a given~x ~x -xz
' ' material; therefore, graphing 1/D vs. (t/L) results in a
-ax
straight line with an intercept equal'to 1/D and slope equal to
-x
'(6/5) (E /G )(i/D). As a result, if beams are tested at two
-X _- _ _
or more span lengths, the shear modulus G can be calculated from
-xz
the slope and intercept by substituting the tensile modulus for E.
-X
For this study, MD beams were tested for each sample at span
lengths of 0.5, 0.75, 1.0, and 2.0 inches. Ten specimens were
tested' at each span length for each sample in each test atmosphere.
Ihe'a pparent stiffness D was calculated at each span from the
-ax
"following equation:
D = P L3 /48 b yax
where P = load on tangent line at deflection y
L = beam span
b = beam width
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A least-squares analysis was then used to obtain the slope and
intercept of the relationship according to Equation (13). These
values together with the tensile modulus E were used to calculate
the following properties:
1. Transverse shear modulus, G psi.
.xz
2. Transverse shear stiffness, G t, lb/in.
Tne shear stiffness.. . -xz-t.
3. True flexural stiffness, lb in.2/in.
4. Bending modulus, Ebx psi.
i" * "" ^ "-bx'-
It should be noted that the above procedure, while relatively
straightforward, is. an indirect method and :suffers. from the, fact
that a relatively small effect must be distinguished by defining
a straight line from a few points. However, there are no,recognized
procedures for evaluating the shear modulus defined above for paper-
board. Recognizing its limitations, it was believed that the pro-
cedure could be used in this study to estimate the relative
importance of the shear modulus and/or stiffness as regards
combined board scoreline cracking.
3. Plus shear.
This test essentially involves measuring the maximum load
required to force a specially hardened steel die through the
thickness of the board. The apparatus and method are described
in ASTM D732-46 (reapproved 1961). Three tests were carried out
on each liner sample in each test atmosphere.
., ,..: .. e : : , ... : :.
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DISCUSSION OF RESULTS
The test results obtained at 50. and 15% RH are summarized in Tables
IIIA and':B, respectively. The average and median degrees of combined board
cracking obtained were as follows:
69-Lb 90-Lb
Linerboa'ds Linerboards
Average Median Average Median
15% RH 78.0 82.6 97.9 99.6
50% RH 7.0 2.2 16.4 7.8
As would-be expected, the 69-ib linerboards exhibited relatively small
degrees of cracking at 50% RH. The median value was only 2.2% and only two
samples exhibited percentage cracking values greater than 8.1%. At the other
extreme, the 90-lb''linerboards .at 15% RH exhibited nearly complete cracking
over the entire score length as shown by the median value of 99.6%. Considering
the variability involved in the cracking' evaluation and the very low and high
degrees of cracking for these segments of the data, it appeared that separate
correlations for' these segments of the data would not be meaningful. Also,
the very high degrees of cracking generally shown by the 90-lb samples at 15%
RH (and to a lesser extent by the 69-lb liners) were so far above the range of
commercial acceptability that any correlations would be of only limited value.
For these reasons it was decided to correlate the 15- and 50% RH data separately -
placing greatest emphasis on the 50% RH results.
The RH levels employed were a compromise between the desired condi-,,-
ti.onsi for the 69- and "90-lb linerboards. It was hot anticipated that the 69-lb
linerboards would exhibit such a small range of cracking at 50% RH and similarly
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would have provided a better opportunity for studying relationships between
cracking and material properties. However, because of material and budget
limitations, it was not possible to expand the study to include intermediate
RH levels.
'TABLE IV . . -
.. , . , ...... , .. .. .
COMPARISON OF AVERAGE TENSILE AND SHEAR MODULI
Transverse
. -. : ' . *. ' MD Tensile' - '' . . Shear. 
Grade RH, Modulus .... Mdulu's, psi Ratio
Weight '. %' .' psi -(Ex)' -' .(Gx/Gxz
69 15 868,000 2333 372
50 700,000 2030 345
90 15-. 830,000 .. .3638 .. 228
50 698,000o'. .... ' .2844 .. '. 245'
Table IV compares the average MD tensile modulus (Ex) and transverse
shear modulus. (G ) results.' As may be note,'...the'shear modulus values, were
.. xz . .-- .: .:
much lower in magnitude than the tensile modulus values. For example:i at 50%
RH the average ratios of tensile to shear moduli were 372 and 228 for 697 and
901lb linerboard, respectively. For comparis.on purposes the corresponding ratio
for steel is about 2.5. Because of the low shear modulus, shear effects' in
bending and folding would be expected to be of greater importance in the
case of linerboard than,in.the case of. conventional structural materials" such
as steel.
It also may be noted that on :the average, the- 90-lb. linerboards -
exhibited somewhat higher shear moduli than the 69-lb linerboards. It is
believed this would. tend to increase the cracking proclivity of 90-lb board
over and above that which would be expected due to the higher caliper and
stiffness of 90-lb board.
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As another point of interest, the differences in shear modulus between
grades were not related to the internal bonding measured in terms of the ZDT test
which were about the same for the two grades. Thus, it appears that the trans-
verse shear properties are not necessarily related to bonding strength as measured
by z-direction tensile tests..
The correlation of the various linerboard properties with combined
board cracking at 15 and 50% RH is shown in Table V. The linear correlation
coefficients are shown together with coefficients obtained after transforming
the percentage combined board cracking values to (a) logarithms., and (b)
arithmetic probability scale values. This involves transforming the percentage
cracking values to "standard deviation units" using tabulated values of the area
under the normal distribution curve as discussed in Reference (_) (p. 23). The
latter transformation was employed, in part, because percentage cracking vs. RH
values are approximately linear on this scale (see Fig. 3).
It may be noted that generally the same properties exhibit statistical
significance in the three ways of correlating the data although higher coefficients
were generally obtained when combined board cracking in percent was transformed
to the probability scale. The five properties exhibiting statistically signifi-
cant coefficients at the 0.01 level at both RH conditions are illustrated in Fig.
4 and are listed below in decreasing order of correlation at 50% RH (coefficients
for probability scale are shown).
1. Shear stiffness/stretch (G x/S)e-xz
a. 50% RH: r = 0.725
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2. Shear stiffness (G zt)
a. 50% RH: r = 0.696
b. 15% RH: r = 0.808
3. Tensile strength
a. 50% RH: r = 0.674
b. 15% RH: r = 0.797
4. Tensile stiffness (E t)
a. 50% RH: r = 0.665
b. 15% RH: r = 0.751
5. Shear stiffness/tensile stiffness
a. 50% RH: r = 0.625
b. 15% RH: r = 0.733
As mentioned previously, the maximum bending stress induced on the
double-face liner should be dependent on the tensile and shear moduli or
stiffnesses of the liner. This probably accounts in part for the significant
correlations obtained with these properties.
While the correlations were highly significant in a statistical sense,
the correlations are not as high as desirable. 'For example, the 50% RH combined
board cracking data are plotted against tensile stiffness': shear stiffness, and
tensile strength in Fig. 5-7, respectively. Inspection of the graphs show
that there is considerable scatter in all three relationships. It appears
that future work should be directed toward (a) developing a better theoretical
understanding of the stresses induced during folding, and (b) the development
of better methods for evaluating the pertinent properties. For example, while
the present work supports the importance of shear properties, the methods used
to evaluate the' shear properties were subject to considerable variability and
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7. Combined Board Cracking vs. Tensile Strength
satisfactory estimates of either the modulus or maximum shear
I
The correlations.in Table V were probably influenced to some extent by
the inclusion of both 69- and 90-lb linerboards at each RH. However, the simple
correlations by grade weight and RH in Appendix I show that the shear stiffness,
shear stiffness/stretch, and shear-to-tensile stiffness ratios were significantly
related to cracking at either the 0.10 or 0.05 levels (probability transformation).
The magnitudes of the coefficients were in some cases about the-same-as shown in
Table V but the lower significance levels result from the lesser degrees of
freedom associated with the subdivision of the data by grade weight and RH. Thus,
the shear properties'seemed to be-of'some-importance at each grade weight and RH
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Both. ,were. significantly correlated;,wi th e 90-lb.linerboard cracking results at
5Q0. RH but...their :correlations.with the 69-.b results were not high enough to be,
significant. ... . ;
In Table V the positive coefficients for shear stiffness and the
factors involving shear stiffness indicate that the higher the'shear stiffness,
the greater the proclivity to crack. This appears to be reasonable since in-
creasing the shear stiffness should tend to increase the tensile stresses on the
outside surface of the .liner as discussed previously. The positive bign for
tensile stiffness also appears to be in accord with expectations for the same
reason. It appears that increasing the tensile stiffness, other factors being
equal, should increase the cracking proclivity. As an extreme example, treat-
ments with.t#hermqosetting resins which probably effect large increases in both
properties, generally result in brittle boards, with. poor bending characteristics.
Unfortunately, there is little, kiown relative to the. effect of-various fiber and
sheet propertiess .on. shear.characteristics,;..hence, it. is not. clear how, the tensile
and shear characteristics should be balanced to reduce cracking tendencies while,
retaining, other necessary. properties.
As mentioned previously, stretch might be expected to be one of the
properties related.to cracking because rupture of the double,-fac.e liner should
occur when the.induced· strains exceed the. ultimate stretch. Thus, it might be
expected that stretch would exhibit. negative correlations with cracking. How-
ever, the correlations with stretch in Table V were very low. In addition,
the correlations involving ratios of various factors to stretch'were generally
no better than for the individual properties'such as tensile or shear stiffness
alone. The correlations by grade in Appendix I gave'essentially the same
results. These results were somewhat anticipated and were the reason for
_______________________________________ ___ ii~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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attempting to measure the stretch and tensile characteristics of the felt side of'
the sheet after grinding away all but about 4 mils of the'sheet thickness. How-
ever, as may be noted in Table V, the felt side stretch values were no better
related to cracking than the stretch values of the entire sheet. It appears
possible that the grinding operation introduces some damage into the remainder
of the sheet as the stretch values in the ground specimens were always less than
the values corresponding for the whole sheet. On the'average, the stretch values
for the ground tensile specimens were 25 and 32% lower, respectively, than the
stretch values on the whole sheet for the 69- and 90-lb boards. As a sidelight,
the tensile strengths of the ground specimens were about the same as for the
whole sheet when expressed in terms of stress..
A series of multiple regressions were carried out on the' 50% RH data
to determine if'improvements could be obtained using various combinations of the
properties which correlated best with combined board cracking.. As in TableV ,
the regressions were performed using combined board'cracking'direotly (termed 
linear regressions) and after transforming the cracking values to probability
scale values. The results are summarized in Tables VI and VII for the linear
and probability regressions, respectively.
As may be noted,' only modest improvements in correlation were ob-
tained with any of the multiple factor relationships studied. The best
relationships with both factors significant were as follows:
1. No. 3B involving tensile and shear stiffness.
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Their multiple correlation coefficients were each about 0.76 - only slightly
greater than the simple correlation coefficients of 0.664 and 0.696 obtained
for tensile and shear stiffness separately.
The regression equations for 3B and 8B are shown below together with
their linear counterparts (3A and 8A);
A. Cracking expressed in % (3A and 8A)
No. 3A:
C = 0.00183 E t + 0.185 G t - 28.4,
- -x- -xz-
No. 8A:
C = -0.00244 E t + 3.02 4 (Gx tE t) - 38.1,**X"- * -XZ -X-
B. Cracking transformed to probability scale values
No. 3B:
C = 0.000109 E t + 0.0103 G t - 3.86,-Tp -x -xz-
No. 8B:
Cp = 0.000139 E t + 180.9 (Gxzt/E t) - 4.374,
where C = cracking, %
C = cracking, % transformed to probability scale values
E t = tensile stiffness
G t = shear stiffness
-xz-
Predictions based on regression Equations 3A and 3B are shown in
Table VIII. In general, the predictions are not highly precise. However,
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.. ' A-portion of the:prediction error.is probably associated with the vari-
ability involved in the combined board cracking determinations. This. was not
analyzed in detail because of cost and time limitations but it was observed that
there often was considerable variation from scoreline-to-scoreline within a. given
sample. .Another portion of the error may be related to the shear modulus deter-
minations. -;The beam technique used herein suffers from the disadvantage that a
relatively small effe.ct must be.,distinguished from measurements at a few span
lengths. Therefore, the shear modulus values are subject to considerable vari-
ability. A direct shear measurement method - preferably giving the shear stress-
strain curve to failure - may be helpful in improving the predictions.
* . ..- A-lso, it appears that a better theoretical understanding of the
...stresses involved in folding is needed in order to specify the properties needed.
As.mentioned..previously, there are reasons to believe that stretch should be one
of,:the more important properties involved.. .However, neither the conventional
stretch.values nor the special measurements on "felt side" specimens employed
in this study were well related to cracking. Theconventional stretch measure-
ment is an average over a relatively long gage length; however, unpublished experi-
ments on sack papers have shown that appreciable local variations in stretch
occur from location-to-location along the length of tensile specimens.
Cracking essentially involved the stretch over a relatively short length and
may be more dependent on the local value than the average obtained in the con-
ventional test. Schroeder (7), in discussing the forming of sheet metals indi-
cated that greater strains may be found in the outer fibers of a bend than would
be expected on the basis of the uniform strain in the tension test. This result
is attributed to stress gradient effects. Thus, the more severely strained
outer fibers are linked to less severely strained fibers nearer the neutral
_________________________________ ]
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axis. The latter fibers probably lend stability .to the outer .fibers and, hence,
make possible strains greater than the .uniform .strains:,'in- '-tension.... He .also.
comments that.a.useful criterion for formability !has been'.found. to be the .".:'.:?-
strain at fracture of a short length." Thus, it may be.speculated.that' stretch
measurements.on relatively short tensile specimens would be better.:related to"
cracking than the conventional measurement over a long..span...This could:be in-
vestigated at relatively low cost using the. samples on hand.
It would be desirable to determine the magnitude of the strain induced
in the outer fiber layer of 'the double-face liner during folding. It is.believed
this could be accomplished experimentally by employing short gage length graphite
strain gages applied to the double-face liner before folding, This type.of gage: is
applied by a spray technique and unpublished work has shown that they can provide
accurate strain measurements without the reinforcements effects:encountered.when'
conventional strain gages are cemented to paper. The strain measurements would
show how the maximum strain levels which cause cracking varywith material".
properties, RH at.time of folding, and.scoring conditions. .
Material variability probably deserves further consideration because
the degree of cracking obtained under given conditions is dependent on both
the variability in the folding process and material quality. If two liner-
boards had the same' average property levels but. one was appreciably more variable
than the other, it might be anticipated that the more variable sample would
exhibit more cracking under given conditions than the other. For example, the
tensile properties of linerboard often exhibit considerable variation and this
matter was not taken into'consideration herein because of time and cost limita-
tions. Analysis of the variability in the tensile stiffness and stretch
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results in relation to cracking might be helpful, particularly in conjunction with
strain measurements during folding since the latter would provide estimates of
the strain variations from location-to-location. !
... , i.
Attention has been centered on the tensile properties because of the
high tensile stresses' induced in .the outer fiber layers. However, the inside
fiber layers of the double-face liner are subjected to compressive stresses.
The compressive strength of linerboard is much less than in tension; hence, the
inner.fiber layers may fail in compression before the outer fiber layers rupture.
The compressive failure would shift the neutral axis toward the outside and alter
the tensile stresses in the outer:'fiber layers. Viewed in this '.way, the compressive
stress-strain properties may require consideration along with the tensile proper-
ties. In addition, the tensile stiffness of the linerboard probably should be
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